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Analysis of P , centers at the Si (111)/SiO, interface following rapid thermal
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In this work, an experimental study of defects at the Si(111)4$i@rface following rapid thermal
annealing(RTA) in a nitrogen ambient at 1040 °C is presented. From a combined analysis using
electron spin resonance and quasistatic capacitance—voltage characterization, the dominant defects
observed at the Si(111)/SjQnterface following an inert ambient RTA process are identified
unequivocally as the P signal (interfacial Si=Si) for the oxidized Sil1l) orientation.
Furthermore, the fPdensity inferred from electron spin resonance 719X 10'? cm™2, is in good
agreement with the electrically active interface state density*{$.7)x 10*? cm™2 determined

from analysis of the quasistatic capacitance—voltage respons2008 American Institute of
Physics. [DOI: 10.1063/1.1559428

I. INTRODUCTION fication of the interface defects after RTA is important for
two main reasons. First, if ESR confirms the interface defects
It is now well established that interface defects withto be R, centers, then RTA in Nis confirmed as an alterna-
characteristic peaks in the energy gap are present faive and complementary technique to vacuum annealihg (
polysilicon/SiG/Si structures, which are exposed to rapid~700°C, 1x10 © Torr)!® and rapid furnace pullifg to
thermal annealingRTA) (T=800 °C) in an inert ambient as dissociate hydrogen from,Rcenters to permit electrical or
the final process step. The interface density peaks are marttSR analysis. Second, the identification of the interface de-
fest as peak features in the capacitance—voltag)eM) re-  fects as P centers by ESR, will provide an unambiguous
sponse of the structufe! The peak features in th€—V  explanation for the peaklike features widely observed in the
response are also measured for oxide layers formed by rapid—V response of polysilicon/oxide/8i00) structures mea-
thermal oxidation(RTO), where theC—V measurement is sured following RTA in N. For this experiment, the Qi11)
performed directly following the oxidation process using aorientation was selected, as the oxidizel8l) surface has
mercury or aluminum gate lay&p. a well characterized single,Reentet?!2 as well as clear
The measured density of stat@®0S) across the energy peaks in the DOS profile in the upper and lower regions of
gap following the RTA or RTO processes, extracted from thethe energy gap?
quasistaticc—V (QS-C-V) response, yields a peak value
located at 0.85—-0.88 eV above the valence band for the oxi-
dized S{100) orientation. The location of the peak in the |l. EXPERIMENTAL DETAILS
band gap, and the extracted peak densities X3®? to
1.7x 10" cm 2eV™1),” suggest that the defects are due to
unpassivated J3/(P,1) centers for the oxidized @00 sur-

The Si (111) wafers examined in this work were
antimony-doped (1.210 2 ) cm) substrates with a 16

. o . glmm thick, 6.8< 10" cm™ 3, phosphorous-doped, epitaxial
face. Moreover, an experiment using Si(111)/S#Ductures layer. Following a standard clean, the wafers were subjected

expose_d to RTA (1040°C, 20 s in;Nas the _finaI Process dry thermal oxidation at 850 °C in a conventional furnace.
step, yielded the two well established peaks in the DOS Prothe wafers were loaded and stabilized at 850605 slpm

file for the R, center of the oxidized $§111) orientation® N, and 0.75 slpm ). The oxidation was in pure (7.5
However, the atomic identification of the interface defects a%lfam) witﬁ the ramp .down to 700°C and pull in nitr(.)gen

P, defects by electron spin resonan@@SR) has not been (7 5 gom. The oxide thickness value obtained by ellipsom-

established in previous publications. etry was 11.5 nm. Following thermal oxidation, the sample

The purpose of this article is to examine the interface g eived an RTA at 1040°C for 20 s in,Nsubsequently
defects following RTA using ESR, and to compare the ESR.oferred to as “RTA only”.

density to the electrically active defect density as determined 1o RTA process had a cooling rate of approximately
from analysis of the Q¥5-V response. The atomic identi- 35.c/s. A second sample received the same processing as
just detailed, with the addition of a forming gas anneal
dElectronic mail: phurley@nmrc.ie (FGA) at 450°C for 30 min in a 15% $85% N, ambient
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FIG. 2. QSC-V responsd100 mV/g for the S{111)/SiO,(11.5 nm) mer-
FIG. 1. Absorption-derivative ESR spectra observed on a thermakury probe capacitor, with a 1040 °C, 20 s RTA ip s the final process
Si(111)/SiO, structure subjected to a postoxidation RTA (1040 °C; 20.s; N step. The figure also shows the calculated surface potemtil (
ambienj for various angles¢g) of B with the [111] interface normal. Top
curve is an as-observed spectrum: For the lower four curves, the intense
central signal originating from Sb donors in the Si substrate has been sub-
tracted to better expose the weakdhd®'P signals. The angular anisotropy Second, we observe a weak doublet of splittiag

of the R, signal with concomitant broadening is clearly exposed. =42.1 G centered aj=1.9984@Q5), originating fromt®°
the interaction of the localized donor electrons with #ie

=1/2) nuclei in the P-doped 1&m thick epitaxial layer on

. . . I
foIIowLng the RTA itep. This sample is subsequently referrec{*Si doped to 6.8 101 cm™ . The doublet signal corresponds
to as “RTA+FGA. 2 :
to ~3x 10 P spins.

The ESR measurements were conventional derivative- . . . .
Third, and most interesting, we observe a prominent and

absorptionK-band (-20.45 GHz)dP, /dB spectra, where i oo P (interfacial Si=Si) signaf® of axial sym-
P, is the incident microwave power arithe applied mag- ) : L B )
“ metry with g matrix principal valuesg,=2.0014; g,

netic field, recorded at 4.2 K, as described elsewlfelte L . : .
. ) ; =2.0091. The characteristic anisotropy is clearly exposed in
angle ¢g which B makes with the sample slice normal

(=[111]) was varied in the range 0°—-90°. Defect densitiesF'g' 1 by varyinges f“’”_‘ 25° to 80° (four '_°V.Ver curves
were determined by comparison of the signal intensigréa where _the intense Sb signal has be(_en ell_mmated through
under absorption curyebtained by double numerical inte- simulation to better expose the weak sighalith attendant

gration ofdP, /dB spectra to that of a comounted LiF:Li charaqtenshc increase 'ABPP with Increasinges du_e t_o
(9=2.002293) reference sample, recorded in one tracestraln—mduced line broadening. The inferreg &ensity is
' : 7.8+1)x 102 cm 2.

Typically, an ESR sample comprised 20 thinned down sllceg The R, density obtained from the ESR provides a value

of 2X 9 mn? area each. ) ; : .
QS-C—V characterization was performed using a mer_for comparison to the electrically active defect density ob-
P 9 tained from QSE-V analysis. Figure 2 shows the @&~V
cury probeC-V system. The mercury probe area is 4.18reS onse of the Si(111)/SJORTA only sample. The
x 10" 3 cmP. Precautions were taken to ensure valid quasi- P y pe.

static capacitance data by performing leakage current mee@s'c_v exhibits two peakglabeled Of- and 0/~). The ys

. versusV, characteristic is also plotted in Fig. 2, and indi-
surements over th€—V bias range for all samples. 9 - . .
cates pinning of the surface potential corresponding to the

position of the peaks in the QS—V response. The same
QS-C-V values are obtained for sweep rates of 25 mV/s, 50
Figure 1 shows typicaK-band ESR signals observed at mV/s, and 100 mV/s confirming the effect is not due to non-
4.2 K on the Si(111)/Si9QRTA only sample. Three spectra equilibrium. The two peaks are removed by forming gas an-
are observed in a field window of 150 G around the 2 nealing(15% H,, 85% N,) at 450 °C for 30 min. The DOS
position(marker not included here for clarijtyFirst, there is  across the band gap extracted from the QSVY data using
an intense and broad line centeredyat1.9989(1) of peak- the Berglund method is shown in Fig. 3, for the RTA only
to-peak width AB,,=15.0-0.2 G, dominating the total and RTA+FGA samples. The RTA only sample exhibits two
spectrum. It originates from the occupi@thionized Sb do-  characteristic peaks at 0.31 and 0.84 eV above the valence
nors in the highly Sb-doped Si substraje=0.012() cm). band edgeE,). Figure 3 also shows the resulting DOS ob-
Approximating®® the magnetic susceptibility by a pure tained by subtracting the background U-shaped DOS of the
Curie law (y=1/T) for this S=3 impurity spin system, a RTA+FGA sample from the RTA only DOS, over the energy
density[ Sb]~1.4x 10 cm™2 in the substrate is inferred, in rangeE,+0.12 eV toE,+ 1.0 eV. From this DOS charac-
fair agreement with the nominal sample resistivity specificateristic, the density associated with the interface defect is
tion (p=0.012Q cm, [ Sb]~3.5x 10" cm™3).1” When com-  determined over the energy range 0.12 to 0.56 eV and 0.56 to
paring with the P case, the observed lafyB,, complies 1.0 eV, to be 6.& 10'* cm 2 and 6.6< 10" cm™ 2, respec-
with the inferred density? tively. Based on an uncertainty in the oxide thickness of

Ill. RESULTS
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6x10" 7

3 STRA N very short POA timg20 9 and/or ambient conditions. For
v & RTA + FGA ié one, trace amounts of hydrogenic species in the ambient gas
5x10% % —= RTA-(RTA+FGA) 4 may have resulted in part by thg Bystem being left passi-
@ 8 vated (BH formation, i.e., ESR and Q%-V inactive.
'y 2 2 12 .2 . . .
axio®{ p  6.8x107cm 6.6x10 ~ cm g Also, there may be an unexplored influence of oxide thick-
*‘; 3 OD@O % ness(only ~11.5 nm herg Whatever the case, the important
o 3x10%°1 %\%ﬂf ¢ ' b3 conclusion is that the RTA treatment in, Mas resulted in
§ }Z '. A depassivation of the Reenters formed by the oxidation pro-
‘5; 2x10" b f cess, and has also generated additiopafiéfects. With re-
4 spect to the Si/Si© interface, this finding confirms the
1%10" 4 results® and unequivocally identifies the origin of the inter-
. = face traps following inert ambient RTA as unpassivatgd P
0 . S et O N centers.
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